Abstract In the past two decades, European ash trees (Fraxinus spp.) have been severely damaged due to ash dieback disease, which is caused by the fungal species Hymenoscyphus fraxineus (Chalara fraxinea in the anamorphic stage). Recent molecular phylogenetic and population genetic studies have suggested that this fungus has been introduced from Asia to Europe. During a fungal survey in Korea, H. fraxineus-like apothecia were collected from fallen leaves, rachises, and petioles of Korean ash and Manchurian ash trees. The morphological and ecological traits of these materials are described with the internal transcribed spacer rDNA sequence comparison of H. fraxineus strains collected from Korea, China and Japan.
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First Report of the Ash Dieback Pathogen Hymenoscyphus fraxineus in Korea
Queloz, Grünig, Berndt, T. Kowalski, T. N. Sieber & Holdenr, has been designated and suggested as a teleomorph of C. fraxinea [4] . Further cultural and population genetic studies have demonstrated the distinctions between H. albidus and H. pseudoalbidus [5] [6] [7] [8] . Zhao et al. [9] described that the presence or absence of croziers at the base of asci can be a taxonomic key to distinguish these two species. It was recently hypothesized that the causal agent of the sudden outbreak of European ash dieback may have been introduced from East Asia [4, 9] . Zhao et al. [9] found that Japanese materials of Lambertella albida are morphologically and genetically similar to H. pseudoalbidus. Zheng and Zhuang [10] also reported the occurrence of H. pseudoalbidus in China. According to the recent amendment of fungal nomenclature, the correct name for H. pseudoalbidus is H. fraxineus (T. Kowalski) Baral, Queloz & Hosoya [11] . During a fungal biodiversity survey in Korea, Hymenoscyphus species on fallen leaves, rachises and petioles of Korean ash (Fraxinus rhynchophylla Hance, also known as F. chinensis subsp. rhynchophylla (Hance) Hemsl.) and Manchurian ash (F. mandshurica Rupr.) were collected. We performed a detailed morphological examination and sequence comparison with other Hymenoscyphus spp. including the close relatives
H. albidus and H. fraxineus (= H. pseudoalbidus).
Apothecia collected on fallen leaves, rachises, and petioles were pressed with clean papers and dried on the laboratory bench. All collected materials have been deposited at the Korea University Herbarium (KUS). Fresh materials were primarily mounted with distilled water for the confirmation of the natural colors of their microstructures. Dried materials were rehydrated in 3~10% aqueous KOH. Amyloid reactions were conducted with Melzer's reagent or Lugol's solution (IKI) without KOH pretreatment. Line drawings were made with the aid of an Olympus BX50 microscope equipped with an Olympus U-DA drawing tube. Measurements were made in distilled water, Congo red, lactophenol-cotton blue, IKI, or Melzer's reagent and are reported as follows: minimum-maximum (length) × minimum-maximum (width) [mean length ± standard deviation × mean width ± standard deviation, Q (length/width ratio) = average ± standard deviation].
Genomic DNA was extracted from dried apothecia using the methodology described by Lee and Taylor [12] . The concentration and purity of extracted nucleic acids were assessed using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). PCR was performed in 50 μL reactions that consisted of 39 μL of sterile water, each primer at 0.4 μM, 1 unit of ExTaq DNA Polymerase (TaKaRa, Tokyo, Japan), a dNTP mixture consisting of all four nucleotides, each at a concentration of 2.5 mM, 10× ExTaq buffer containing 20 mM Mg
2+
, and approximately 100 ng of template DNA. ITS1 and ITS4 o C for 10 min. After confirming the PCR products on an agarose/TBE electrophoretic gel (Certified Molecular Biology Agarose; Bio-Rad Laboratories, Madrid, Spain), they were purified using a LaboPass PCR Kit (COSMO Genetech, Seoul, Korea) following the manufacturer's protocols. Sequencing was performed on an automatic sequencer (ABI Prism 377 DNA Sequencer) using the BigDye Cycle Sequencing Kit (version 3.1; Applied Biosystems, Foster City, CA, USA) with the same primers used for the PCR amplifications. The obtained ITS sequences were deposited in GenBank with the accession Nos. KF830851, KF830852, KF830850, and KF830853.
In addition to the newly generated sequence data, 37 fungal ITS sequences were retrieved from GenBank to determine the phylogenetic placement of Korean Hymenoscyphus specimens (Table 1 ). The obtained sequences were aligned using ClustalW [14] and manually edited using BioEdit ver. 7.0.5.2 [15] when necessary. Ambiguously aligned positions were excluded from the subsequent analysis. Phylogenetic analyses using neighbor-joining (NJ), maximum likelihood (ML), and maximum parsimony (MP) were performed with MEGA ver. 6.06 [16] . In the NJ analysis, the distances between ITS sequences were calculated using the Kimura 2-parameter model. In the ML analysis, the general time-reversible model with a gamma-distributed substitution rate and proportion of invariant sites (GTR + I + G) was separately applied to each gene for the nucleotide substitution model. An MP heuristic search was performed with 5,000 replications, each with 500 random sequence additions, and branch swapping by tree bisection-reconnection. All nucleotide substitutions were equally weighted and unordered with gaps treated as missing data. The nodal support for the individual branches was estimated by bootstrapping (BS) using 1,000 replicates [17] . Previously, Hymenoscyphus albidus and H. fraxineus were regarded as morphologically indistinguishable until H. O. Baral (personal communication) and Zhao et al. [9] demonstrated differences in their ascal bases. In Korea, the apothecial discomycetes collected on the fallen leaves, rachises, and petioles of Fraxinus spp. were confirmed as H. albidus based on earlier descriptions [18, 19] . However, during the re-examination of Korean materials, we observed that all samples possessed distinct croziers at the ascal bases (Fig. 1) [18, 19] . Based on the croziers at the ascal bases that were first noticed by Zhao et al. [9] , this fungus was identified as H. fraxineus. Korf [20] and Hosoya et al. [19] regarded it as a member of Lambertella (Rutstroemiaceae, Helotiales) based on the existence of stromatized patches on the substrates. In a recent molecular study, however, the genus Lambertella was determined to be a polyphyletic group, and Hymenoscyphus was suggested to be the most appropriate genus for this taxon [9] . Hymenoscyphus caudatus (P. Karst.) Dennis is also similar to H. fraxineus due to its white stipitate apothecia and scutuloid ascospores as well as its foliicolous habit, but differs in the small size of its apothecia (up to 1.5 mm diameter) [18, 21] . Hymenoscyphus ginkgonis J. G. Han & H. D. Shin is another similar species possessing ascospores of a similar shape and size, but is distinguished by its substrate-specificity on ginkgo (Ginkgo biloba L.) leaves and the presence of deep violet pigments in its paraphyses [22] . Hymenoscyphus albidoides H. D. Zheng & W. Y. Zhuang recently described from China is distinct from this fungus owing to an outer covering composed of 1~3 parallel hyphal layers, cuboid crystals in the basal tissue of the stipe, and its occurrence on the veins of rotten leaves of Picrasma quassioides (D. Don) Benn. [10] .
Korean materials of H. fraxineus were usually isolated from Korean ash (F. rhynchophylla), which is a new host for this fungus. However, ash dieback symptoms were not detected when we collected these materials, indicating the possibility that Korean ash has an inherited resistance to this pathogen. Korean ash is phylogenetically closely related to manna ash (F. ornus L.) [23] , which is known to be less susceptible to ash dieback than other European ash species [24] . In China and Japan, H. fraxineus has been reported on Manchurian ash (F. mandshurica), which is widely distributed in Eastern Asia [9, 10] .
The analyzed dataset included 41 Hymenoscyphus spp. and two outgroup taxa, Cudoniella clavus (Helotiaceae) and Sclerotinia sclerotiorum (Sclerotiniaceae) ( Table 1 ). The final alignment contained 477 nucleotide positions, of which 333 were invariant and 94 were parsimony-informative characters. The ML analysis yielded an optimal tree with a best log-likelihood of −1,795.14. Ten equally mostparsimonious trees of 251 steps were obtained by the MP analysis, with a consistency index of 0.6972 and an retention index of 0.8403. Since the inferred NJ, ML, and MP trees were topologically congruent, the NJ tree is represented with the bootstrap values of NJ, ML, and MP analyses above the corresponding branches (Fig. 4) . In the inferred trees, the Hymenoscyphus spp. formed a single group with moderate support values (NJ BS = 77, ML BS = 78, and MP BS = 72), reflecting the broad circumscription of the genus as well as the possibility of the heterogeneous assemblage of diverse fungal species. As shown in previous studies, H. albidus and H. fraxineus were morphologically similar but clearly separated in the phylogeny [4, 9, 10] . Korean materials (KUS-F52255, KUS-F52355, KUS-F52610, and KUS-F52613) were grouped with other H. fraxineus (= Chalara fraxinea) strains with strong nodal supports (NJ BS = 99, ML BS = 99, and MP BS = 95). Hymenoscyphus albidoides formed a sister-group with H. albidus and H. fraxineus.
Zhao et al. [9] investigated the intraspecific variation in H. fraxineus (= H. pseudoalbidus), and found that the ITS sequence of Asian strains concurred with that of European strains except for two nucleotide positions, 83 (G instead of a gap) and 124 (C instead of T) (Table 2), reflecting 
Numbering from H. albidus 90803.16 (GU586879). The second dominant base is indicated by parentheses in case there is a variation. '-' indicates gap. a GU586877, GU586879, GU586880, GU586882, GU586884, GU586887, GU586893, GU586895, and GU586899. [24, 25] , Asia is considered a possible origin of the ash dieback pathogen [4, 9] . This hypothesis was verified by subsequent population genetic analyses using polymorphic microsatellite markers showing that European H. fraxineus has limited genetic diversity among and within populations [5, 6] . In contrast, Zhao et al. [9] found that Japanese H. fraxineus possess more genetic variation compared to European populations. The ITS sequences of Japanese H. fraxineus is most variable among the Asian materials, while those of Chinese and Korean materials are relatively conserved (Table 2 ) although more population sampling from various sites is necessary.
